Abstract A biosensor for the determination of heavy metal cations based on glucose oxidase enzymatic inhibition has been developed. The biosensor was assembled on carbon film electrode supports with glucose oxidase immobilised by cross-linking with glutaraldehyde on top of a film of poly(neutral red) as redox mediator, prepared by electropolymerisation. The biosensor was used to determine the metallic cations, cadmium, copper, lead and zinc in the presence of chosen amounts of glucose. The detection limits were found to be 1 μg L −1 for cadmium, 6 μg L −1 for copper, 3 μg L −1 for lead and 9 μg L −1 for zinc. Inhibition constants were determined by using the Dixon plot, and the type of inhibition induced by the metallic cations was evaluated from Cornish-Bowden plots plus Dixon plots, it being found that the inhibition is reversible and competitive for cadmium, mixed for copper and lead and uncompetitive for zinc. Copper-inhibited glucose oxidase to a greater extent followed by cadmium, lead and zinc. Regeneration of the glucose oxidase response was studied by using Ethylene diamine tetracetic acid metal-chelating agent and the nonionic surfactant Triton X-100. The suitability of the biosensor for determination in foodstuffs or beverages which contain trace concentrations of metals was investigated by performing recovery tests in commercial milk samples.
Introduction
Heavy metal ions are ubiquitous in nature, industrial activity being one of the potential sources of contamination, thus, resulting in a serious environmental problem. Generally, these metals are very toxic for living organisms, being dangerous to human health when present in drinking water and food. Studies on the biological effects caused by heavy metals have been published [1, 2] . Due to their high toxicity, there is an obvious need to determine trace levels of them rapidly in situ. Methods widely used for the determination of these metal ions are atomic absorption spectrometry [3] , inductively coupled plasma mass spectrometry [4] or ion exchange chromatography [5] . These methods require very sophisticated equipment, qualified personnel, complicated pretreatment of the samples and long detection time and are not adequate for field measurements. Therefore, it is desirable to develop a simple and easy method for the detection of these ions. Electrochemical methods can satisfy these requirements: electrochemical devices can be made to be portable and with excellent sensitivity; therefore, they represent a good alternative for heavy metals field monitoring [6] , especially by using anodic stripping voltammetry [7] .
Enzymatic sensors are a promising alternative for the detection of these toxic substances in water, soil, air and food products. Enzyme inhibition assays have the potential to rapidly screen and identify heavy metals in environmental samples. Heavy metals are well known to inhibit the activity of enzymes, and application to the determination of hazardous toxic elements offers several advantages. Biosensors based on inhibition are usually far more sensitive to the determination of the inhibitor compared to the determination of the enzymatic substrate. The detection limit is normally much lower than the maximum admissible value in environmental and clinical samples and much lower than the value obtained by traditional methods [8, 9] . Inhibition biosensors include lactate dehydrogenase [10] , glucose oxidase (GOx) [11] , pyruvate oxidase [12] , L-glycerol phosphate oxidase [12] and urease [13] , normally for the determination of mercury ions. Other studies report the inhibition of alcohol oxidase by silver, copper and lead [14] or of glucose oxidase by silver, mercury and lead ions [15] .
The present study focuses on the simple and rapid determination of several metal cations, namely cadmium, copper, lead and zinc, through the inhibition of the enzyme glucose oxidase using an amperometric glucose biosensor with poly(neutral red) (PNR) as redox mediator. Neutral red (NR), an acid-base indicator with pK a~6 .8 from the family of azines, can be electropolymerised via the formation of a cation radical by electro-oxidation [16] , and poly(neutral red) has been applied as a redox mediator in various oxidase enzyme electrodes [17, 18] . Although glucose oxidase is a well-characterised and used enzyme in sensors, it has been little used in inhibition biosensors for heavy metals. To our knowledge, there are only three reports concerning the inhibition of glucose oxidase by heavy metals, and just one of these [19] uses an electrochemical method. The metal cations were determined at the microgram-per-litre level in the presence of chosen amounts of glucose, and the inhibition induced by these metals was investigated in terms of reversibility and competition. The possibility of applying the method to natural sample screening was evaluated by performing recovery tests in milk samples, and the stability under storage conditions was evaluated. Because many biosensors make use of immobilised enzyme on a probe for continuous use, the ability to reuse GOx in repeated measurements of metal concentrations was investigated by using ethylene diamine tetracetic acid (EDTA) and Triton additions as a means of quickly restoring the enzymatic activity of GOx.
Experimental

Materials and reagents
GOx (EC 1.1.3.4, from Aspergillus niger, 24 U mg
) was from Fluka (www.sigmaaldrich.com), glutaraldehyde (GA; 25% v/v), bovine serum albumin (BSA) and α-D(+)-glucose were purchased from Sigma (www.sigmaaldrich.com). Neutral Red was from Aldrich (www.sigmaaldrich.com).
Other reagents used were: cadmium sulphate (CdSO 4 ), copper chloride (CuCl 2 ), lead nitrate (Pb(NO 3 ) 2 ) and zinc sulphate (ZnSO 4 ) from Merck (www.merck.com). EDTA was from Fluka (www.sigmaaldrich.com) and Triton X-100 was from Sigma (www.sigmaaldrich.com).
For neutral red electropolymerisation, potassium phosphate buffer pH 6.0 was prepared using 0.025 M K 2 HPO 4 / KH 2 PO 4 from Panreac (www.panreac.es) and 0.1 M KNO 3 from Riedel-de-Haën (www.riedeldehaen.de).
For all the other electrochemical experiments, the supporting electrolyte was 0.1 M sodium phosphate buffer saline (NaPBS), pH 7.0, prepared from sodium dihydrogenphosphate and disodium hydrogenphosphate and 0.05 M NaCl from Riedel-de-Haën (www.riedeldehaen.de). Millipore Milli-Q nanopure water (resistivity >18 MΩ cm; www. millipore.com) was used for preparation of all solutions. Experiments were performed at room temperature, 25±1°C.
Electrode preparation
Cylindrical carbon film electrodes of diameter 1.5 mm and length 4 mm were made from carbon film resistors (nominal resistance 2 Ω), following an electrode preparation protocol described elsewhere [20, 21] . The exposed electrode geometric area was~0.20 cm 2 . Before use, the electrodes were electrochemically pretreated by cycling the applied potential between 0.0 and +1.0 V vs. saturated calomel electrode (SCE) in 0.1 M KNO 3 solution for not less than ten cycles, until stable cyclic voltammograms were obtained.
Poly(neutral red) films were obtained by electrochemical polymerisation as described previously [17] . NR was polymerised by cycling the applied potential between −1.0 and +1.0 V vs. SCE for 15 times at a scan rate of 50 mV s GOx was immobilised by the cross-linking method. A mixture of enzyme with glutaraldehyde, as cross-linking agent, and BSA protein was used. The mixture contained 10 μL enzyme solution (40 mg mL −1 BSA and 10 mg mL
GOx in phosphate buffer) and 5 μL GA (2.5% in water). From this mixture, 10 μL were placed on top of the poly (neutral red)-modified carbon film electrodes and allowed to dry at room temperature for at least 1 h. When not in use, electrodes were kept in phosphate buffer solution pH 7.0 at 4°C.
Instruments
A three-electrode electrochemical cell was used for electrochemical measurements. It contained the PNR/GOxmodified carbon film working electrode, a platinum foil as counter electrode and SCE as reference. Electrochemical measurements were performed using a Bioanalytical Systems (BAS, West Lafayette, IN, USA, www.bioanalytical. com) CV-50 W electrochemical analyzer, controlled by BAS CV 2.1 software. The pH measurements were carried out with a CRISON 2001 micro pH-meter (www.crison.es).
Procedure for enzyme inhibition studies
The PNR-GOx-modified electrode was dipped into a stirred phosphate buffer solution at pH 7.0, and a fixed potential of −0.35 V vs. SCE was applied. After stabilisation of the baseline current, a known amount of glucose was added, and the steady-state current was recorded. Finally, solutions of increasing metal concentrations were added successively to inhibit the glucose oxidase activity, and the current decrease, which is proportional to the final concentration of the inhibitor in solution, was recorded.
Results and discussion
Glucose biosensor with poly(neutral red) redox mediator Poly(neutral red) films were prepared on the carbon film electrode substrate by potential cycling as described in the experimental section. Figure 1 shows successive cyclic voltammograms during film growth. At high positive potentials, around +0.85 V vs. SCE, irreversible oxidation of the monomer occurs (peak C), and at negative potentials, between −0.45 and −0.65 V, a redox pair (peaks A/A′) appears corresponding to oxidation-reduction of the polymer, also overlapping with monomer oxidation-reduction. The increase in peak height is evidence of growing of the polymer film. Further details are given in [18] .
Glucose oxidase enzyme was immobilised by glutaraldehyde cross-linking on top of the PNR film, as described in "Experimental", in order to make the glucose biosensor. The response of the PNR-GOx biosensor to glucose was an increase in anodic current, which was linear up to 1.8 mM, and the detection limit was found to be 22 μM [17] . Several investigative studies have been carried out leading to the proposal of a mechanism for the PNR-GOx biosensor as a competition between flavin adenine dinucleotide (FAD) cofactor regeneration and hydrogen peroxide reduction. A study of the influence of oxygen on the mediator functioning has also been performed, showing that for glucose oxidase immobilised by the cross-linking method (as here), the response to glucose is almost unchanged [18] .
Inhibition studies
To study the effect of the metal cations on the activity of the enzyme glucose oxidase, the response of the biosensor in their presence was evaluated following the procedure described in the "Experimental" section in phosphate buffer solution at pH 7.0.
It is well known that the pH can affect enzyme activity, leading to the denaturation of the enzyme at extreme values. The pH also can influence the heavy metal action: different pH values can be chosen in order to avoid interferences, in this way, achieving selective inhibition because different heavy metals should have different affinities for binding to the active site. For instance, Mohammadi et al. [22] investigated the effect of pH in order to improve the selectivity of invertase toward mercury and to avoid silver interference, and medium exchange was carried out. In the present work, all experiments were performed in phosphate buffer solution pH 7.0, chosen because it was previously observed [17] that it is a good compromise between having a good enzyme activity and good redox mediator functioning. It was decided to study the inhibition of metal cations under the same conditions in order to evaluate their influence on the response of the glucose biosensor when applied to determinations in natural samples.
The determination of cadmium and copper was performed in the presence of a fixed glucose concentration; the calibration curves for these two cations are presented in Fig. 2 . Cadmium was measured from 4 to 81 μg L −1 being linear up to 16 μg L −1 and having a detection limit (three times the noise to signal ratio) of 1 μg L −1 (Fig. 2a) . The determination of copper was carried out between 33 μg L −1 and 2.3 mg L −1
( Fig. 2b ) with a linear range up to 0.58 mg L −1
, and the detection limit was 6 μg L −1 (see Table 1 ). The detection limit for copper achieved by the present method is lower than that reported in previous studies [10, 14] . In order to evaluate the inhibition of the activity of glucose oxidase, the following expression was used:
where I represents the degree of inhibition, I 1 represents the response to glucose in the absence of inhibitor and I 2 represents the response to glucose in the presence of inhibitor. The inhibition constants were determined from Dixon plots [23] , in which the inverse of enzyme activity is represented as a function of inhibitor concentration for at least two different enzyme-substrate concentrations. For a more accurate determination of this constant, the Dixon plots were constructed using three different glucose concentrations: 0.2, 0.5 and 1.0 mM (Fig. 3) . Following this method, the extrapolated straight lines intersect in a single point from which the inhibition constants were determined to be K i (Cd 2+ )=100 μg L −1 for cadmium and
Using the same approach, the influence of lead and zinc cations was studied by performing experiments in the presence of fixed amounts of glucose in solution. Figure 4 shows the calibration curves for the determination of lead and zinc in the presence of 0.2 mM glucose. Lead was measured between 83 μg L −1 and 1.5 mg L −1 (Fig. 4a) (Fig. 4b) with a linear range up to 2.5 mg L −1 and a detection limit of 9 μg L −1 (Table 1) . These low detection limits are comparable or even lower than those obtained in other studies using L-lactate dehydrogenase, alcohol oxidase or urease and glutamic dehydrogenase [10, 14, 24] . Using Eq. 1, the maximum inhibition observed for glucose oxidase in the presence of 0.2 mM glucose was 16.1% for zinc and 22.5% for lead. Figure 5 shows the Dixon plots for lead and zinc using three different glucose concentrations of 0.2, 0.5 and 1.0 mM. The inhibition constant for lead was determined to be
, and for zinc, it was not possible to determine the inhibition constant by this method because the lines are parallel.
In Fig. 6 is presented a comparison of the inhibition by the four different cations studied in this work. It is seen that there is a greater inhibition of glucose oxidase in the enzyme sensor by cadmium at low concentrations. Nevertheless, the degree of inhibition of cadmium appears to saturate (Fig. 3) , and a higher percentage inhibition due to copper ions was observed. The inhibition by the other cations follows the order copper, then lead and, finally, zinc. With respect to cadmium, its high inhibition at such low concentrations is expected and was already reported for lactate dehydrogenase [12] , but no reports with glucose oxidase have been found. In [14] , the activity of alcohol oxidase was inhibited more by copper than by lead when using the same concentrations of both cations, the inhibition being 41% and 20%, respectively, for 100 to 400 μg L −1 copper and lead ions. A high inhibition by copper was also obtained for glucose oxidase [19] , copper being a stronger inhibitor than mercury, which is normally regarded as very toxic. Spectrophotometric studies suggested that there is not any considerable inhibition of glucose oxidase by lead ions for concentrations below 260 mg L −1 [15] , the present study showing a much higher sensitivity to inhibition.
Determination of the type of inhibition
The Dixon plot is very useful for determining the inhibition parameters of metallic cations to the activity of glucose Linear range/ mg L oxidase but is not sufficient to fully elucidate the type of inhibition, because the Dixon plot for mixed and competitive inhibition is similar. The complementary plot, the Cornish-Bowden plot [25] in which the ratio of substrate concentration and enzyme activity is plotted versus inhibitor concentration, allows the distinction between these two types of inhibition. This plot, by itself, is also not sufficient to fully determine the type of inhibition because it has the disadvantage of not always distinguishing between mixed and uncompetitive inhibition. However, by analysing the two plots together, all types of inhibition can be characterised. Figures 3 and 5 show the Dixon plots and the CornishBowden plots for all four metal cations studied in this work using three different concentrations of glucose, 0.2, 0.5 and 1.0 mM. From the Dixon plot for cadmium, it can be deduced that the inhibition is mixed or competitive, but the Cornish-Bowden plot shows that the inhibition is, in fact, competitive because the three straight lines drawn through the experimental points are parallel. Further evidence that the mechanism of inhibition by the cadmium cation is competitive is the fact that inhibition is decreased by increasing the amount of substrate, from 27.4% in the presence of 0.2 mM glucose to 18.8% in the presence of 1.0 mM glucose.
For zinc, it is clear just from the Dixon plot that the inhibition is uncompetitive because the lines are parallel. Also, the opposite behaviour as for cadmium was observed: inhibition is increased by increasing the substrate concentration because the inhibitor has a high affinity for the enzyme-substrate complex. In this way, the inhibition For the other two cations studied here, the plots showed mixed inhibition. Because K i > K i ′ (where K i , the inhibition constant, is the dissociation constant of the enzyme-inhibitor complex and K i ′ is the dissociation constant of the enzymesubstrate-inhibitor complex), in both cases, the intersection is above the inhibitor concentration axis in the CornishBowden plot and below the inhibitor axis in the Dixon plot [25] .
Repeatability, reproducibility and stability of the biosensor
The repeatability of response of the PNR-GOx biosensor was investigated for fixed heavy metal ion concentrations. The relative standard deviation for three different assays with the same electrode was 6.9%, 5.6%, 5.4% and 7.4% for cadmium, copper, lead and zinc, respectively. For different electrodes, acceptable reproducibility was obtained for the determination of the same metal concentration with a variation coefficient of 5.4% (n=4) for cadmium, 10.8% (n=3) for copper, 6.6% (n=3) for lead and 8.8% (n=3) for zinc.
The PNR-GOx biosensor was stored in phosphate buffer solution pH 7.0 at 4°C when not in use, after 3 weeks, the biosensor still maintaining 73%, 78%, 75% and 80% of its initial response for glucose for measuring cadmium, copper, lead and zinc. The relative extent of inhibition by the metal cations also decreased by 10-15%.
The stability under continuous use, using the standard addition method for metal cations in the presence of fixed glucose concentration was also assessed. For the same metal concentration, it was observed that after six successive series of measurements, the biosensor lost~17% of the initial sensitivity for all four metal cations. Regeneration of glucose oxidase enzyme activity Understanding the mechanism of inhibition is necessary in order to know how to regenerate the activity of the inhibited enzyme. In general, in the case of metal cations, the interaction mechanism is not completely known, but the action revealed by different metals on the activity of oxidases and dehydrogenases is usually by binding of the metal salts to the thiol groups of the proteins [26] [27] [28] . The affinity of Pb 2+ and Cd 2+ for SH groups and of Zn 2+ for carboxyl groups has already been reported [29] . In the same study, it was suggested that metal-induced enzyme inhibition could be due to the generation of radical oxygen species through a series of Fenton-type reactions, which can, in turn, denature the enzyme by causing conformational changes in its secondary and/or tertiary structure.
On the other hand, it was also reported that the inhibition by metal ions may not be due to blocking of the essential SH group but to a direct interaction between the FAD moiety of the enzyme and metal ions [30] . However, further investigation is needed in order to elucidate this point. For the regeneration of enzyme activity, several reagents or combination of reagents have been used, including the metal-chelating agent EDTA or thiols [8] , cysteine [22] or a mixture of EDTA with dithiothreitol [12] .
In the present study, the inhibition produced by the metallic cations is reversible, and it was observed that after each measurement, the activity of the inhibited enzyme is restored to about 90-96% after simply washing for 5 to 15 min in buffer solution. However, for sensor applications, a fast recovery time would be beneficial, so in order to see if it is possible to achieve a more rapid recuperation of enzyme activity, the addition of two different compounds was tested: EDTA and Triton X-100 non ionic surfactant.
As stated above, EDTA is a chelating agent which reacts with the metal ion leading to the formation of a stable complex, in this way removing the inhibitor and regenerating the enzyme activity. The nonionic surfactant Triton has the capacity of strongly adsorbing on surfaces and of forming micelles by aggregation at high concentration. In this way, it can form a protective layer on the surface of the electrode and impede the inhibitor reaching the immobilised enzyme, thus, helping to move the equilibrium towards dissociation of the inhibitor-enzyme complex.
In the case of copper, it was possible to recuperate the enzyme activity in about 100 s by adding 0.1 mM EDTA, whereas addition of 50 mg L −1 of Triton to the buffer solution leads to recuperation of the response in about 150 s (see Fig. 7 ). For cadmium, lead and zinc, although full regeneration of enzyme activity occurred within approximately 100 s using EDTA or 150 s using Triton, it was difficult to optimise the experimental conditions. It can be concluded that EDTA is more indicated for rapid biosensor regeneration in the case of inhibition by heavy metals at the glucose sensor studied, owing to its strong capacity to bind to the metal cations and keep them from reaching the enzyme. This method, by adding EDTA in solution, can be very helpful in the case of application in natural samples when rapid recuperation is needed without changing the buffer solution.
Recovery test of heavy metals from natural samples
The proposed method was applied to the determination of heavy metals in commercial milk samples. The samples were spiked with a known amount of metals, and the recovery of the added metal cations was followed and compared to a standard curve in the developed system. Water was added to the milk samples in the ratio of 1:1 or 1:9 in order to have the same dilution when metal ions are added and were analysed with and without added metal cations. Recovery studies for 50 μg L of zinc were performed in triplicate and the values were in the range of 97% to 105% (see Table 2 ).
The determination of cadmium, copper, lead and zinc was performed at levels that allow the application of this biosensor in wine samples, where the upper limits established by Office international de la Vigne et du Vin are 0.01, 0.2, 1.0 and 5.0 mg L −1 for cadmium, lead, copper and zinc, respectively [31] . The biosensor may also be applied to the determination of copper and zinc in drinking water for which the European norm recommends values below 50 μg L −1 and 5 mg L −1 , respectively [10] .
Conclusions
The determination of the metal cations, cadmium, copper, lead and zinc has been performed by using a glucose biosensor with poly(neutral red) redox mediator. The metal ions were measured with low detection limits of 1, 3, 6 and 9 μg L −1 for cadmium, lead, copper and zinc, respectively.
Inhibition constants were determined by using Dixon plots. All cations inhibited glucose oxidase, the enzyme being most sensitive to cadmium ions, although copper led to the highest degree of inhibition, followed by cadmium, lead and zinc. From Cornish-Bowden plots together with Dixon plots, the inhibition was determined to be reversible and competitive for cadmium, mixed for copper and lead and uncompetitive for zinc. Rapid regeneration of the enzyme response was achieved by using EDTA metal-chelating agent and nonionic surfactant Triton X-100, EDTA being more efficient. The heavy metal cations were determined at the microgram-perlitre concentration levels and recovery studies were successfully carried out with milk samples. These results open up new possibilities for detection of heavy metals as a measure of toxicity using a simple and low-cost procedure.
